Statement: The response of muscles to rapid, identical strain perturbations is history 9 dependent, but is captured by a viscoelastic model with memory. Muscle function during pertur-10 bations therefore depends on locomotor frequency. 11 1 1 Abstract 12
trajectory where history has the potential to alter function. This modulation could have profound 48 effects on muscle's response to unsteady perturbations encountered during running, including slips 49 or impacts with the substrate. Does history significantly modulate work output during rapid per-50 turbations to periodic trajectories and can we reconcile any non-linearity with the simple material 51 models that capture perturbations in static conditions? 52 To test these ideas we construct a systematic perturbation to a cockroach limb muscle that can 53 reveal the importance of history on transient behavior and identify simple predictors of function conditions that vary only in history.
80
Besides the advantage of preserving the animals nutrient and oxygen supply to the target 81 muscle, the intact joint work loop allows us to estimate the total passive work done on the joint.
82
Here, muscle work loops are the active component of the work, calculated by measuring a passive 83 work loop under identical strain conditions (including the perturbation) and subtracting the force 84 measured in the passive trial from that of the active trial. The remaining force signal can be 85 converted to muscle force (through the lever arm ratios) or used to calculate muscle work. Prior 86 work (Sponberg, Libby, Mullens and Full, 2011) validated this approach as reflective of the work 87 output and muscle function reported in more traditional partially isolated, muscle work loops with 88 direct neural stimulation (Full et al., 1998; Ahn et al., 2006) .
89
Steady-state work loop conditions reflected strain trajectory from in vivo 10 Hz running con-90 ditions and included three muscle potentials (spikes) of stimulation at 10 ms interspike interval 91 and 0.5 ms duration applied at the onset of shortening. Stimulus voltage for each preparation was 92 tuned to the minimum voltage needed to elicit a plateaued twitch response plus one volt. Per-93 turbations were imposed halfway through shortening (stance) phases. We constructed 10 ms (100 94 Hz) half-sine perturbations of amplitude equal to the stride amplitude. These strain perturbations 95 were not summed with background periodic strain but rather pasted in place, so that kinematics 96 were exactly identical across all history conditions (Fig. 1a ). The initial and terminal 1 ms of 97 the perturbation was smoothed into the underlying strain trajectory using a linear ramp filter to 98 prevent discontinuities in velocity. 99 We modified kinematics and timing of stimulus to test the effect of history on perturbation re-100 sponse. Perturbation kinematics remained constant in all conditions. To preserve Hill determinants 101 during the perturbation, we varied the phase of stimulation so that the spike train always began 102 20 ms before the onset of perturbation (hence the stimulation in these altered conditions did not 103 reflect natural timing). We changed the phase of the background work loop so that perturbations 104 occurred both mid-stance and mid-swing, and we varied cycle frequency from 1 to 13.5 Hz, which 105 was the fastest condition where we could maintain accurate perturbation conditions. To test the Figure 1 : Identical eccentric perturbations (grey region) were applied during sinusoidal strain cycles of 1 Hz to 13.5 Hz (a). The intact joint workloop preparation (b) extracellularly stimulates muscles in the deinnervated limb (inset shows ganglion nerves cut adapted from (Pipa and Cook, 1959) ). After subtracting out the passive joint work throughout the cycle (Sponberg, Libby, Mullens and Full, 2011) , muscle stress (c) was integrated over strain for the eccentric portion of the perturbation to calculate work, W pert (d).
generality of our results, we repeated these conditions at different stimulation timings varying from 107 10 to 40 ms. Muscles absorbed energy during all perturbations (Fig. 1c ). We characterized the muscle's re-111 sponses by the mechanical energy dissipated during the stretch portion of the perturbation (the 112 area under the force-length curve (Fig. 1d) . Muscles absorbed 23.6 ± 4.6 Jkg −1 during pertur-113 bations applied against a 10 Hz pre-lengthened background. A Hill-type contractile unit would 114 respond with identical force profiles to the perturbation regardless of kinematic history. By con-115 trast, we found that active muscle stress and energy dissipation increased strongly as we increased 116 frequency under pre-lengthened conditions, and decreased with frequency under pre-shortened con-
Actual work
Actual work Figure 2 : Work during perturbation (a) and preload stress (b) both vary significantly and monotonically with frequency, resulting in a correlated response (c). This relationship persists if stimulation varies by changing how long before the perturbation the muscle is electrically stimulated (d). To normalize across animals, work is taken relative to the average of the two 1 Hz perturbation conditions which most closely approximate the isometric work response. Relative stress is scaled to the isometric response to in vivo stimulation conditions (3 spikes, 10 ms interspike interval). Preload refers to stress developed immediately prior to the onset of the perturbation. A 3-parameter viscoelastic model with memory (e) predicts muscle's work during the perturbation (Fig. 1d ). While all three parameters contribute to the full model, preload (f) has a predictive effect on its own, unlike damping (g) and stiffness (h). A sum of square errors (SSE) greater than the total sum of squares (SST) indicates a non-predictive model (g & h) . ditions ( Fig. 2a ). Energy absorption varied almost 4-fold over the range of frequencies we tested. Ahn and Full (2002) 74 µJ Peak kinetic energy of all limbs, 20 cm/s running Kram et al. (1997) 8 µJ Table 1 : Selected statistics (means ± 95% CI) and comparison measures from earlier work. Reference stress/work was used to normalize stress/work across conditions in Fig. 2 . Reference work was the average across pre-lengthened -shortened conditions at 1 Hz.
